ABSTRACT: Wavelet transform decomposition was used to gather time-frequency-based information from acoustic emission signals generated during fatigue loading of unidirectional Carbon Fiber Reinforced Composite (FRC). The acoustic emissions were detected using a resonant sensor and were digitized for analysis. The sensor response was de-convolved from the acquired signal using a point-by-point divisional spectral method. The analysis of the collected signals revealed that friction-related emissions due to the fretting of fractured surfaces are of very high frequency and can mask emissions due to actual damage.
INTRODUCTION F
IBER REINFORCED COMPOSITES (FRC) have been used extensively in the structures of commercial aircraft (Boeing 767), military aircraft (AV-8B fighter, B-2 Bomber), automobiles, and more recently, bridges and highways. The characteristics that make FRC suitable for such applications are: high strength, high stiffness, low density, corrosion resistance, wear resistance, and acoustic insulation. An example of such material is Carbon Fiber Reinforced Epoxy Composite (CFREP) which is used heavily in aerospace applications. The heterogeneous nature of FRC materials, together with their anisotropic characteristics and relative matrix/fiber brittleness, results in a complex multitude of fracture modes when loaded under static and/or fatigue conditions. These modes include transverse matrix cracking, fiber breakage, splitting (matrix cracking along the fiber), and de-lamination. The most studied failure mode is transverse matrix cracking because it causes severe stiffness degradation and is usually the first mode encountered. Because these materials are used in situations in which their failure could result in loss of life and significant economic loss, the prediction, assessment, and quantification of the nature and extent of damage in them becomes critical. An ultimate protection system would be an in-situ monitoring system that could analyze and quantify the damage in a component during use. To achieve this ultimate goal, many researchers have resorted to AE monitoring techniques. The objective is to use the AE technology to discriminate among various emissions based on the modes of failure. Furthermore, once these failures are identified, their location and size must be determined based on the same technology.
The area of acoustic emissions based analysis of fracture in FR composites has attracted a great deal of attention over the past thirty years. There are two distinct approaches to AE analysis of FR composites: (1) amplitude based analysis and (2) waveform based analysis. In the amplitude based approach, Otsuka, and Scarton (1981) , Valentine et al. (1983) , and Bertheholt (1990) , composite test specimens are loaded to failure and acoustic sensors are used to collect damage-related emissions. These emissions are then classified, based on their amplitudes, into three categories of low, medium, and high magnitudes and are proposed to relate to various modes of fracture. Bhat and Murthy (1989) and Eckles and Awerbuch (1988) have applied the amplitude-based approach to the identification of damage in FRC materials under fatigue loading. The AE analysis is more difficult during fatigue loading due to the large number of emissions encountered. In addition, once an initial damage such as a matrix crack is produced, the surfaces of the crack rub against each other and create fretting emissions. Eckles and Awerbuch (1988) , and Kamala et al. (1998) have shown that these friction related emissions can mask emissions due to actual damage. Prosser et al. (1995) , using a new sensor array system, reported that it is possible for a single source such as a matrix crack to produce signals of various amplitudes. He has shown that the amplitude of the signal depends on the location of the source relative to the sensor and the attenuation/dispersion characteristics of the material.
In the waveform approach, Ohno et al. (1982) , Yamaguchi et al. (1986) , the general form of the acoustic wave produced from a source is analyzed. The wave forms are sorted by parameters such as time, energy, wave contour, load and source location. For example, Ohtsu and Ono (1987) adopted a statistical data analysis approach, the multivariate data analysis, to classify AE signals into three groups. A similar attempt was then made in associating the waveform to a specific fracture mode. The success of the waveform approach has also been limited since the analysis of the waveform is difficult due to the short, ultrasonic, and transient nature of the emissions. Also, in the majority of the published research, resonant sensors are used to collect emissions; however, the authors do not discuss the de-convolution of the sensor response from the collected emissions. Some researchers used the flat-band sensors which have a larger frequency range and do not add their signature response to the collected emissions. In both approaches, the conventional spectral analysis was used to analyze the AE emissions.
Spectral analysis is the standard tool which provides averaged spectral coefficients which are independent of time. The composition of the signal is assumed to be stationary and its statistics unchanged with time. Parameters such as ring-down counts, event counts, peak amplitude distribution, and RMS values are used to categorize emissions. All of these parameters are measured from the time domain. What can shed more light on the AE analysis of FRC materials is a time-frequency domain tool to decipher the information. The tool is the multi-resolutional wavelet transform, Daubechies (1990) and .
Wavelet analysis involves a fundamentally different approach. Instead of breaking down a function into harmonic functions, the signal is broken into a series of orthogonal basis functions of finite length called wavelets. Each wavelet is spread across the entire time axis with a given signal frequency identified with a certain wavelet level. The structure of a signal such as that of crack propagation can be analyzed by its local features.
In this paper, AE signals were collected using a resonant sensor during fatigue loading of unidirectional CFRP composites. The signals were collected at three different stages of the fatigue loading process. The signals were analyzed using the wavelet transforms, and it was determined that friction-related emissions occur at the upper range of frequencies associated with AE in composites. It was also determined that these emissions can mask other fracture-related emissions. This information can be useful for in-situ monitoring of damage in composite materials. Further, it is possible to use this information in locating damage in components with unknown history.
WAVELET TRANSFORMS
The wavelet transform was first introduced by Grossman and Morlet (1984) as a theoretical tool. It was applied to arbitrarily square summable real function and transformed into a series of shifted and dilated sum of waveless. Researchers have recently developed new wavelets, faster algorithmic transforms, and have started to apply wavelet analysis to new and more complicated problems (Daubechies, 1990; Chui, 1992) . was one of the pioneering researchers to describe wavelets in engineering language and suggested its application to the field of Mechanical Engineering. applied wavelet transforms to the AE signals from quasistatic tension tests on CFRC with the objective of identifying the various failure modes and for residual strength prediction, .
The following is brief synopsis of wavelet transform based on . Let f(t) be a continuous function such that f(t) OE L 2 (R), then the continuous wavelet transform of input function f(t) is (1) where a represents scale level equivalent to frequency (relative) and t is shift (time), function j(◊) is called the wavelet function. If j(◊) is chosen such that the above equation is invertible, then recovery of f(t) is determined by Chui (1995) , (2) where the constant C j is given by (3) with j(w) being the Fourier transform of j(t).
The wavelet function j, should be chosen such that (4) and (5) which implies that j(t) must have zero dc. One of the major advantages of using the wavelet transforms is that the wavelet function j(t) is user-defined; any function can be chosen as the wavelet function, as long as the chosen function, satisfies the conditions defined below.
1. The wavelets must have zero dc. 2. They must act as bandpass filters (signal can be passed only in a particular range). 3. They must decay rapidly in both the positive as well as the negative directions.
The Daubechies wavelet has been used for the analysis of the AE signals and is based on the Haar function (6) A weighted sum of Equation (6), called the scaling function of the wavelet, is given by (7) This equation defines an iterative algorithm to determine the scaling function of Daubechies Wavelet. A scaling function is the backbone of the wavelet function. A properly chosen set of coefficients c k Equation (7) was determined by Daubechies. Therefore, the Wavelet function can be defined as (8) where N is the total number of coefficients chosen. Further Equation (8) can be dilated and shifted such that (9) Then the discrete wavelet transform is defined as (10) where j is the relative frequency term, k relates to time, and j * (◊) is the complex conjugate of y(◊). Using the conditions defined in the previous section, we can reconstruct the input signal f(t) from (11) where c is a constant dependent on y(◊) only.
Let f(t) be the digitized signal in the time domain with length N, the value of N must be a power of two. Based on Equation (11), it is possible to decompose the signal as 226 GIRISH KAMALA, JAVAD HASHEMI AND ALAN A. BARHORST
. . , and f (j) (t) are the levels of the decomposed signal. Therefore, f(t) is grouped according to the frequency component during a period of sampling length.
As proposed by , let E (f) (t), E (0) (t), . . . , and E (j) (t) be defined as different levels of energy, that is the decomposed accumulative energy of different levels at any time t during the test. Namely (12) (13) (14) (15) the total energy is given by (16) By tracing the values defined by the above Equations (12) to (16), the energy variation as a function of frequency can be formulated.
EXPERIMENTAL SETUP
Standard fatigue specimens were machined according to ASTM guidelines D3479-76 (Reapproved 1990) (ASTM, 1994) from the 300 ¥ 300 mm square 12-ply unidirectional CFRC panel using a diamond impregnated circular cutting saw. Specimen dimensions are 19.1 mm width, 250 mm length and thickness of 1.1 mm as shown in Figure 1 . Tabs were prepared from aluminum, and diamond patterns were machined on their surface to prevent the slippage of the specimen during loading and to minimize the noise signals originating from the grips. The tabs were glued onto the specimens using G-5 epoxy resin-hardener.
2
The fatigue testing of the CFRC specimen was carried out in two steps. A series
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of tensile tests were conducted on the CFRC specimens in order to determine their ultimate failure load. Tests were performed under a quasi-static uniaxial tensile loading condition on a closed-loop servo-hydraulic Material Testing System (MTS) machine. The experiments were carried out in stroke control mode at a rate 0.1 in/min (2.54 mm/min.).The specimens were loaded to failure. The load displacement parameters were acquired using an application module written in 228 GIRISH KAMALA, JAVAD HASHEMI AND ALAN A. BARHORST Labview. 3 The A/D board used was a National Instruments AT-MIO-16 series. Continuous AE data was recorded in order to reproduce and verify existing results. It also helped in correcting and fine tuning the set AE parameters. A series of fatigue tests were conducted on the CFRC specimens. The specimens were subjected to a constant amplitude uniaxial tension-tension fatigue loading under load control mode at a frequency of 10 Hz. All tests were conducted on a closed loop servo-hydraulic Materials Testing System (MTS) machine. The specimens were subjected to a static load of 50% of ultimate failure load, and constant amplitude sinusoidal loads at different load ranges were applied.
Acoustic emission was monitored using PAC's MISTRAS instrumentation. As shown in Figure 1 , two micro (m) 30 transducers of 300 kHz resonant frequency were mounted 6 cm apart, about the center, on either end of the specimen, using suitable hold downs. High vacuum silicone grease was used as couplant. Spatial filtering was performed to eliminate unwanted noise from the grips and the hydraulics. Emission from only 30-70% of the gage length was acquired and analyzed. Hit Lockout Time of 400 m sec was set to eliminate reflection hits. A 1220 A pre-amplifier manufactured by PAC with a fixed gain of 40 dB was used. A floating threshold of 75 dB was applied, in addition to a cycle counter threshold of 0.8 Volts. A post amplifier gain of 10 and a dead time of 1 msec was used. AE data was not acquired during the quasi-static loading of the specimen.
RESULTS AND ANALYSIS
Figure 2 describes a typical fatigue curve (total AE counts are plotted with respect to the number of fatigue load cycles) of a CFRC specimen subjected to constant amplitude cyclic loading. The fatigue life cycle of a CFRC specimen can be described by three predominant stages. A very short duration, stage I, accounts for 5-10% of the total fatigue life. This short period of high activity could be attributed to the large number of new damages occurring in the weaker component of the CFRC specimen, i.e., the matrix. Stage II was found to be more dormant in comparison to stage I with lower levels of AE activity. It was observed that the slope of the fatigue curve during stage II was fairly constant, except for some small regions (identified on Figure 2) showing a sudden rise in activity. It is believed that the emissions in this region are mostly due to friction, except for a few actual damage-related emissions. The constant nature of the slope in this region supports that conclusion indicating that the linear rise in AE activity is mostly due to the continuous friction of fracture surfaces created during the first stage. This stage accounts for about 75-80% of the total fatigue life. Stage III or the final stage was observed to be of a very short duration with high AE activity. This stage was attributed to the final failure of the test specimen.
Discrete-Wavelet Analysis of Acoustic Emissions During Fatigue Loading
Continuous monitoring of AE during the fatigue test was not possible due to the limitation of disk space on the computer. Therefore, one Kbyte of data were acquired at intervals of every 3,000 fatigue cycles. The sensor and preamplifier response were deconvolved from the acquired raw AE signals to obtain the actual source AE signal.
The application of discrete wavelet analysis to the deconvolved AE signals resulted in breaking the signal into its components based on the frequency contents. The 1 Kbyte of stored data (1024 points) was digitized and resulted in 11 wavelet levels, with each level representing a specific frequency range.
The results revealed that the total acoustic energy in levels 1 through 6, 10 and 11 account for less than 5% of the total energy, and their frequencies are also beyond that of the operating range of the sensor and the pre-amplifier. Therefore, the results from these levels were ignored, and the results from the levels 7, 8 and 9 are discussed in detail. The frequency spectra of levels 6 through 9 for AE data from stages I, II and III of the fatigue cycle is presented in Figures 3, 4 and 5, respectively. From these figures, it is possible to infer that the frequency of level 7 is centered at about 120 kHz, the frequency of level 8 is centered at about 250 kHz, and the frequency of level 9 is centered at about 300 kHz. Comparison of Figures 3 4, and 5 reveals that the collected emissions in all three stages fall roughly in the same frequency break down. This means that the same frequency ranges can be found in emissions of the three stages. There is an accumulative acoustic energy associated with each energy level.
The results of the wavelet analysis applied to AE data from stages I, II and III (levels 7, 8, and 9) for a typical unidirectional specimen are shown in Figures 6, 7 and 8. Comparison of these figures [Figures 6(a) , 7(a), and 8(a)] shows that the number of events is the largest in stage I (over 200 per 1 Kbyte), followed by stage three (over 150 per 1 Kbyte), and finally stage II (over 100 per 1 Kbyte). This indicates that the first stage of the fatigue curve represents the period that a great deal 
Figure 7. Energy distribution at various levels (stage II emissions).

Figure 8. Energy distribution at various levels (stage III emissions).
of first failures occur. It is well documented that these failures are matrix related as reported by Bhat and Murthy (1989) . As will be discussed later, stage II shows the lowest level of activity and a majority of the activities are not damage related. It can also be observed from Figures 6(b) , 6(d), 6(f) that the total accumulative acoustic energy in stage I is roughly at a level over 25 ¥ 10 8 mV 2 . Much of that total energy comes from level 9 corresponding to a frequency centered around 300 KHz. The total energy from stages II, [Figures 7(b) , 7(d), 7(f)], and III [ Figures  8(b), 8(d), 8(f) ] are at 21 ¥ 10 6 , and 22 ¥ 10 6 mV 2 respectively. These energies are significantly lower indicating that different types of emissions are being collected at these stages. It can also be observed that level 9 emissions in stages II and III are not as dominant as level 9 emissions in stage I. The fact that the total acoustic energy in stage I is significantly higher than those in stages II and III indicates that the emissions in stage I are of higher amplitude. Since one does not expect significant fiber or delamination damage in stage I, a majority of the emissions are due to matrix failures. One could therefore conclude that matrix damage emissions are of high-energy and high frequency.
Analysis of stage II emissions in Figure 7 [specifically Figure 7 (c)] shows that there exists a continuous emission source. The linear trend in the accumulative en-ergy in Figures 7(d) and 7(f) (levels 8 and 9) indicates existence of low amplitude AE due to a constant source. This constant source of AE production has an almost constant amplitude and must be due to friction. The occasional spikes in the energy value in the same figures indicates formation of new damage. These energy spikes appear in all three levels indicating that the emission has frequency components in all three levels. However, almost all of the acoustic energy associated with this emission falls in level 9 which, based on the previous discussion, could be matrix related. The analysis of emissions in stage III is presented in Figure 8 . The conclusions here are very similar to those drawn from Figure 7 . The fact that the total acoustic energy is almost the same indicates that similar events are taking place in stages II and III.
In order to test the hypothesis that friction-related emissions dominate levels 8 and 9, a method of deciphering friction-related emissions proposed by was utilized. Using this method, friction related emissions were eliminated using filters based on event duration, event amplitude, any energy count. The remaining signals were then analyzed again using wavelet transforms. Figures 9, 10 and 11 present the wavelet analysis of emissions in stages I, II, and III, respectively, with friction-related emissions subtracted. Figure 9 , corresponding to stage I emissions, shows no sensitivity to deletion of friction related emissions. The contents of wavelet levels given in Figures 9(b) , 9(d), and 9(f) remain the same as contents in the respective wavelet levels in Figures 6(b) , 6(d), and 6(f). The total energy is reduced by 0.4%, and the general trend in emissions does not change. This means that stage I emissions are for the most part damage related. When stage II emissions were analyzed in Figure 10 , the impact of friction was found to be significant. Examination of this figure reveals that by removing friction-related emissions, the total accumulative energy in stage II is reduced by approximately 52%. However, the change in level 7 emissions, Figure 10(a) , is minimal. Again this indicates that friction-related emissions are not low frequency emissions. Removal of friction unmasks other damage related emissions that are recorded in levels 8 and 9, Figures 9(c) and 9(e). There are emissions present in level 8, Figure l0(c) , that seem to be specific to that level [no evidence of these emissions in Figures 10(a) and 10(e)]. It is not clear what failure mode these emissions are due to. Because in stages II and III more fiber damage occurs, one could infer that they are fiber-related. Removal of friction from stage II emissions resulted in roughly 30% reduction in total accumulated energy, Figures 11(a) through 11(e) . Further, various damage related emissions become unmasked in levels 8 and 9. This means that a significant amount of friction falls in stage III as well. A general conclusion can be made that friction related emissions, similar to matrix-related emissions, are also of a high frequency nature. However, the acoustic energy according to friction related emissions are much lower. A final point of interest is that as the frequencies of levels 8 and 9 are very close, they might correspond to the same source of emission. This has to be investigated further, by breaking up the events in levels 8 and 9 into wavelet sublevels.
CONCLUSION
Discrete wavelet based analysis of acoustic emission from carbon composites, offers a new dimension to the field of non-destructive testing. Discrete wavelet analysis, although in its infancy to its application to AE, offers distinct advantages in terms of time savings, analysis of results, flaw criticality determination, separation of emission from different sources, as compared to conventional AE analysis. With the aid of wavelet transform, it becomes possible to decompose an AE signal into different wavelet levels. Each level corresponds to the components of the decomposed AE signal in a certain frequency range. This facilitates the investigation of internal defects in the material. Based on the collected data at various stages of the acoustic-fatigue curve, the conclusion can be made that matrix-related emissions are of high frequency and high energy. This can be verified by examining the energy associated with level 9 (300 kHz central frequency) emissions in stage I. Friction related emissions were found to exist mostly in stages II and III. These emissions are also of high frequency content, but the energy associated with these emissions is significantly lower than matrix-cracking emissions. It can be observed from the energy plots that there is almost no visible friction related emission in stage I, which is consistent with the hypothesis that friction emissions become significant once a certain level of internal damage is achieved. Finally, level seven emissions in all stages seem to be of very low energy level emissions with a frequency centered around 120 KHz. Due to very low levels of energy and the fact that friction related emissions have no impact on level 7, it is hypothesized that these emissions are not necessarily due to an identifiable damage mechanism but possibly due to simple stretching of the fibers and matrix materials. This stage remains a constant throughout all stages of the acoustic fatigue curve.
The wavelet based approaches in analysis of AE promises to be more effective than the conventional techniques. One possible future direction would be to design a wavelet that is suitable for the AE range only, and break down the information in this range to smaller sub-levels.
